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We have employed density functional theory to investigate the (110), (101), (100), and (001) surfaces of SnO 2 within the pseudopotential, plane-wave method. Based on a thermodynamic defect model, the surface stabilities were evaluated as functions of oxygen partial pressure and temperature. Calculations showed that, below 600 K, the stoichiometric (110) has the lowest surface energy for a wide range of oxygen partial pressures, followed by the (100), (101), and (001). At higher temperatures, the stability transition from the stoichiometric to a Sn-rich termination tends to occur on all these surfaces (except the (001)) at ultrahigh vacuum. Such transitions may shift to higher pressures with increasing temperature. An equilibrium surface phase diagram was then developed to illustrate the environment dependence of these surfaces. The electronic structure of the stoichiometric (110) was also analyzed based on the electron density of states and differential charge density distribution. Tin dioxide (SnO 2 ) is a well-known, wide band-gap ($ 3.6 eV) semiconductor with an interesting combination of low electrical resistance and high optical transparency and has been widely used in applications, such as solar cells, flat panel displays, touch controls, and defrosting windows. [1] [2] [3] Especially, oxygen chemistry of SnO 2 surfaces sensitively relies on the ambient environmental atmosphere, which is reflected by the measurable change of electrical conductivity, 4 making it also attractive for some new applications, including oxidation catalysts and gas sensors. 5 More recently, nanofabricated SnO 2 was suggested as a promising alternative to the conventional anode materials in lithiumion batteries, 6 due to its high capacity as well as the low active voltage, where the anode performance is largely affected by the surface quality of SnO 2 nanoparticles. For its unique properties, SnO 2 surfaces attracted a large amount of research efforts with both theoretical and experimental approaches.
Low-index SnO 2 surfaces with ideal bulk terminations have been first investigated using first-principle methods. 7, 8 These calculations concluded that the (110) surface is the most stable one, followed by (100), (101), and (001). The oxygen sensitivity of SnO 2 surfaces is virtually due to the variable valence of Sn atoms, which allows this material to actively react with adsorbed oxygen from the ambient. Detailed surface structures of SnO 2 are determined by the chemical potentials of the participating species, which in turn are determined by environmental conditions, such as temperature and oxygen partial pressure (the later represents the oxygen content of the ambient atmosphere). The temperature dependence of surface oxygen coverage, as well as its transient behaviors at various temperatures, was initially investigated by kinetic Monte Carlo simulations by Pulkkinen et al. 9 It was suggested that the ionic adsorbate transition from O À 2 to O À dominance on surface occurs at about 700 K, where the effects of oxygen partial pressure on the coverage of physisorbed oxygen are trivial. Batzill et al. 10 further investigated the temperature dependence of surface transitions from stoichiometric to reduced terminations and found that such a transition initiates at 440 $ 520 K, 610 $ 660 K, or 560 $ 660 K for the (110), (100), or (101) surface, respectively. The oxidation states of surfaces, as well as the dependence of surface stabilities on oxygen chemical potential, have been also evaluated using density functional theory (DFT) calculations by the same research group. Very recently, Á goston et al.
11 calculated the thermodynamic equilibrium diagram of the (110) surface that clearly reveals how the termination changes from stoichiometric to reduced (or vice versa) with oxygen chemical potential changes. However, oxygen chemical potential itself is an environment-dependent quantity, i.e., it is a function of the two major environmental factors: temperature, T, and oxygen partial pressure, P O2 . Up to now, no definite models have been proposed and used to clarify how each individual factor, as well as their interplay, affects the surface structures (and hence the surface properties) of SnO 2 .
A stable oxide surface that can be regarded as the end result of the dynamic balance of surface oxygen adsorption and desorption processes must be modeled, as in a thermal equilibrium at a certain temperature with an atmosphere containing a certain oxygen concentration. In this work, from the concepts of first-principles thermodynamics, we expressed the surface energy of SnO 2 as a direct function of temperature and oxygen partial pressure and extended our DFT investigations a)
Authors to whom correspondence should be addressed. to all non-stoichiometric (both Sn-and O-terminated) surfaces of (110), (101), and (100). This approach enabled us to predict and compare surface stabilities of SnO 2 under more practical conditions, i.e., for any given T and P O2 . Moreover, the electronic structure of the stoichiometric (110), as the most stable surface at the low to medium temperature range (below 600 K), has been exemplarily investigated to understand the chemical reactivity of the surface.
II. COMPUTATIONAL METHODS AND ATOMIC MODELS OF SURFACES
All density functional theory calculations were performed on periodic solids using the Vienna ab initio simulation package (VASP) 12 based on the plane-wave basis set. The electron-core interaction was described by the projector augmented wave method (PAW) 13 within the frozen-core approximation. The plane-wave basis sets were generated with valence configurations of Sn-4d 10 5s 2 5p 2 and O-2s 2 2p
4 . To sample the Brillouin zone, the k-meshes generated automatically according to the Monkhorst-Pack method.
14 The electronic minimization algorithm for static total energy calculations was based on a residual minimization schemedirect inversion in the iterative subspace (RMM-DIIS). Ground-state atomic geometries of surfaces were optimized by minimizing the Hellman-Feyman forces using a combined blocked Davidson þ RMM-DIIS algorithm until the total forces on each ion were converged to 0.02 eV/Å . The optimal choice of exchange-correlation (XC) functional was based on the comparison of predicted bulk properties with their experimental counterparts. The XC functionals tested included local-density approximation (LDA), the generalized gradient approximation (GGA) with Perdew-Wang-91 functional (PW91), 15 and the Perdew-Burke-Ernzerhof (PBE) functional. 16 The crystalline structure of SnO 2 is rutile (tetragonal) at room temperature and normal pressure and belongs to spacegroup D 14 4h (P4 2 /mnm). In the six-atom primitive cell, each tin atom is six-coordinated in a slightly distorted oxygen octahedron, as presented in Fig. 1 . The atoms are located as follows: O at 6ðu; u; 0; u þ 17 Before calculating the surfaces, we first evaluated various XC functionals by predicting experimental lattice properties of SnO 2 through fitting the energy-volume data to the Murnaghan's equation of state. 18 The calculations were implemented on a primitive unit cell with a 9 Â 9 Â 15 Monkhorst-Pack k-point grid. The planewave cutoff energy of 400 eV was used throughout this work and was regarded high enough for calculating SnO 2 surfaces. 19 Due to the variable valence of Sn, this material may readily lose oxygen atoms at its surface, and hence, the oxygen chemistry at the surface is sensitive to the ambient environment conditions. Through exchanging oxygen with the ambient atmosphere, different oxidation degrees of a SnO 2 surface could result: oxidized (stoichiometric), reduced (Sn-terminated), and over-adsorbed (O-terminated). 20 It is of realistic significance to investigate all possible surface terminations. Low-index surfaces of (110), (100), (101), and (001) are more interesting to us in the present study. Following the classification by Sayle et al.,
21 the (001) can be described as Type I surfaces: they are stacks of charge neutral planes, with each plane retaining the SnO 2 stoichiometry, and therefore do not have nonstoichiometric counterparts. All other stoichiometric surfaces of interest, i.e., (100), (101), and (110), belong to Type II surfaces, which consist of neutral repeatable (O-Sn-O or O-SnSnOO-O) sandwiches and, hence, have zero perpendicular dipole moment to surface. Their nonstoichiometric counterparts, i.e., the O-or Snterminated (100), (101), and (110) surfaces, have non-zero, but equal and opposite normal dipole moments on both sides of the slabs, which would exactly cancel out each other across the vacuum. Therefore, all these surfaces could be calculated in their periodic slabs without the necessity of dipole corrections. Figure 2 shows the atomic models of all the surfaces mentioned above, each with its smallest possible unit cells in x-and y-dimensions. The number of layers for each surface was optimally determined by a series of full relaxation calculations, varying the slab thickness until the surface energy was converged. The numbers of repeatable construction blocks and the corresponding supercell sizes of the surface slabs are provided in Table I .
III. RESULTS AND DISCUSSIONS

A. Bulk properties
The results of DFT bulk structure optimization using various exchange correlation functionals are summarized in Table II and compared with previous calculations and experiments. 8, 20, [22] [23] [24] [25] It is found that PAW-GGA (PW91) and PAW-PBE predict quite similar results for lattice structures and bulk modulus, which is expectable in that the PBE functional differs from the PW91 only by using a simplified exchange enhancement factor. Both types of GGA overestimate the experimental values by $1.8%. The overestimation resulting from the gradient corrections has an effect of isotropic (negative) pressure on the crystal, so that the c/a ratio and the u parameter remain almost unchanged to experiment (0.673 and 0.306, respectively). Our PAW-LDA prediction has a much improved accuracy on bulk properties compared to the GGAs' and other previous theoretical results: the lattice parameters calculated by PAW-LDA (a an error of only $0.5%. The bulk modulus predicted by PAW-LDA also agrees well within only a 3.7% error.
B. Surface energy
Surface stability is evaluated by surface energy, c, which is often defined as
where A is the surface area defined in the slab, E tot;surf is the total energy of a surface slab, and E tot;bulk is the total energy of the counterpart bulk, which consists of the same number of atoms. DV is the volume change due to surface relaxation, which is normally small and can be ignorable. DS is mainly the vibrational entropy change due to the surface creation from a perfect crystal. The -TDS term tends to lower the surface free energy as T increases, but the resulted changes in the relative ordering of surface energies (stabilities) are often negligible (we will come back to this point at the end of this session). In practice, to predict a surface stability, the last two terms in Eq. (1) can be disregarded and only the contributions from the two total energies will be calculated. Such thermodynamic defect models and the corresponding approximations have been successfully applied to assess the stabilities of point defects in bulk oxides [27] [28] [29] and also other oxide surfaces. 10, 26, 30 As we have mentioned above, the detailed structure and property of an oxide surface are determined by its interaction with adsorbed oxygens. There have been a number of experimental and theoretical investigations that seek to uncover the mechanisms of SnO 2 surface reaction with oxygens, but most concentrated on the stoichiometric and reduced SnO 2 (110) and (101). 10, 20, [31] [32] [33] [34] [35] [36] In this work, we focus on a series of low-index SnO 2 surfaces with all possible ideal terminations, either stoichiometric, reduced, or oxidized, under thermodynamic equilibrium with the ambient atmosphere and consider the surface oxidation as a twostep process,
Under certain T and P O2 , adsorbed oxygen molecules, O ad 2 , get dissolved into the surface, and then the dissolved oxygen, [O] , combines with tin to gradually form tin oxide. When surface reactions reach thermodynamic equilibrium, i.e., DG ¼ 0 for oxide formation or decomposition, the sum of the elemental chemical potentials must be equal to the chemical potential of a crystalline SnO 2 as
Thus, the surface energy of SnO 2 under thermodynamic equilibrium, c, can be rewritten as . Finally, the surface energy, c, can be expressed as the function of temperature, T, and oxygen partial pressure, P O2 , as
The temperature dependence of E tot;surf and l SnO 2 would essentially cancel out each other in computing the surface energy and, thus, can be approximated by DFT calculations at 0 K. The major contribution for the temperature dependence of the surface energy comes from the energetic terms of O 2 , among which DH O2 ðTÞ and DS O2 ðTÞ can be referred to experimentally measured values, as tabulated in JANAF tables 37 and redrawn in Fig. 3 . Table III summarizes our calculations of the low-index stoichiometric surfaces in comparison with other earlier theoretical results. 8, 10, 33, 34, 38, 39 The surface energies calculated by different researchers using various GGA-type functionals are found to be very similar. The LDA predictions are 30% $ 60% higher than the GGAs. The only full-potential PBE calculation performed by Batzill et al. 10 yields surface energies that lie about halfway between the LDA-and GGA-type pseudopotential results. Nevertheless, no matter what exchange-correlation functional was used, the same ordering of stability was confirmed by DFT: the most stable surface of SnO 2 is the (110) surface, followed by the (100), (101), and (001). If using the FP-PBE results as a reference (whenever experiments are unavailable), our PAW-GGA or PBE underestimates surface energy, while PAW-LDA does the opposite. . Evidently, the (101) has a surface energy much higher than that of the (110) and (100) and thus is expected to be less stable. The empirical shell model 39 predicted the surface energies that were closer to the LDA's than the GGA's, except only for the (101), which resulted in a reversed ordering between the (100) and the (101). Some experimental studies have also reported that the SnO 2 (101) can be made more stable than the (100) under some certain conditions, 40 which, however, should not be interpreted as a success of the shell model. Indeed, the prediction precision of the shell model calculation is rather limited and not comparable to that of DFT. The unusual stability of the (101) occasionally observed in these experiments encourages us to explore these surfaces for their dependence on ambient conditions. According to Eq. (6), the surface energy of a nonstoichiometric surface can no longer be a constant value, but depends on the ambient conditions, i.e., T and P O2 . Figure 4 plots and compares the calculated surface energies of the low-index, non-stoichiometric surfaces as functions of P O2 at different temperatures. The upper limit of P O2 can be determined by requiring no net loss of oxygen from the surface under the thermodynamic equilibrium conditions, i.e., l range of pressures up to 1 atm, while its non-stoichiometric counterpart, either the O-or the Sn-terminated surface, always has a higher surface energy (and hence is less stable).
With increasing temperature, the surface energies of the O-terminated surfaces further increase to even higher values, while those of the Sn-terminated surfaces decrease rapidly. Eventually, a surface transition from a stoichiometric to a Sn-rich termination may take place at ultrahigh vacuum (UHV): for instance, at 600 K, the Sn-terminated (101) surface (i.e., the (101)_Sn) becomes more stable than the stoichiometric (101) at lnP O2 -65. As one can expect, when temperature further increases, this transition point moves to higher (more practical) pressures: as shown in Fig. 4 , at T ¼ 1200 K, the transition start to occur at lnP O2 ¼ $-17 (or P O2 ¼ $10 À8 atm). One should notice that we have only considered surfaces with ideal terminations.
In reality, such a termination transition is made possible by a gradual and continuous loss of outermost layer oxygen atoms. Surface reconstruction might also form on a strongly reduced SnO 2 surface, as already observed in experiments:
5,10 at relatively low oxygen pressures, the (100) or (101) surface reconstruction may take place after losing all bridging oxygen atoms from its original stoichiometric termination, while on the (110) surface, the reconstruction 
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results from the complete loss of both bridging and in-plane oxygen atoms. Very recently, Á goston et al. 11 investigated the reduction and reconstructions of the SnO 2 (110) surface using DFT, based on which they proposed an equilibrium surface phase diagram of the (110). Surface reconstruction would greatly affect surface reactivity and properties, but to reach such an equilibrium structure is not always feasible in many practical environments, where surface vacancies may form gradually and continuously and stabilize the surfaces. As a consequence, a more gradual transition from a stoichiometric to a Sn-rich termination would often result upon the exposure to reducing gaseous environments. Indeed, the continuous depletion of surface oxygen atoms has been observed at high temperature under the ultrahigh vacuum (UHV) condition for a series of initially fully oxidized SnO 2 surfaces using temperature-programmed, low energy, ion-scattering (TP-LEIS) techniques. 10 Using the results calculated by Eq. (6), we replot the environment dependence of SnO 2 surfaces in Fig. 5 , which can be seen as the equilibrium surface phase diagram of SnO 2 without considering surface reconstructions. Each curve represents a "phase boundary" between the Sn-rich and the stoichiometric termination for a certain surface calculated by PAW-PBE (solid) or PAW-LDA (dashes): the area below the curve favors the formation of the stoichiometric termination, whereas the area above the curve favors the formation of the Sn-terminated surface. The actual "phase boundary" might very possibly lie between PAW-PBE and PAW-LDA predictions; hence, the region between the solid curve and its dashed counterpart defines the environment conditions in favor of intermediate terminations as the result of a gradual and continuous loss of surface oxygens. As predicted and shown in Fig. 4 , an oxygen-rich termination can never be expectable for SnO 2 environment condition, and hence, its stabilized region is absent in Fig. 5 . There unfortunately lacks a direct experimental comparison with our prediction on SnO 2 surface stabilities (versus T and Po 2 ) shown in Figs. 4 and 5, but our calculations can well interpret and clarify one recent experimental observation (see Ref. 41) : at T ¼ 1200 K, the highly reduced (101) and (100), i.e., (101)_Sn and (100)_Sn in our Fig. 4 , preferentially form at lower oxygen partial pressure; once one increases oxygen partial pressure with keeping temperature unchanged, the growth of (101)_Sn and (100)_Sn ceases automatically and the SnO2 (110) starts to grow preferentially and steadily. Although the authors in Ref. 41 did not provide the exact values of the oxygen partial pressures, the so-called "controlled growth of branched hierarchical crystals with tunable morphology" in Ref. 41 can be regarded as a successful technical application of our theoretically constructed surface stability diagram (i.e., Fig. 4) .
It is noticed that all our modeling and simulations were based on one presumption that neglecting vibrational entropy will not change the relative order of surface stability. Direct calculation of vibration entropies of all the surfaces under consideration from the first principles would be computationally over-expensive, due to such large cell sizes and the lack of symmetry. This presumption may introduce some degree of uncertainty to our predicted data values (especially for higher temperatures), but is nevertheless reasonable and found consistent with many experimental observations. 5, 10, 41, 42 Especially in Ref. 41 , it has been clearly shown that the SnO 2 (110), the most stable one as we predicted, can be still the most favored surface at even T ¼ 1200 K (and appropriate oxygen partial pressures).
C. Surface electronic structure of SnO 2 (110)
As mentioned above, the stoichiometric (110) is the most stable surface over a large range of environmental conditions. The atomic structures of the (110) stoichiometric surface were presented in Fig. 6(a) . The outermost atomic layer is composed of two-coordinated oxygen anions (marked as O 1 ), which occupy bridging positions between each two sixcoordinated Sn cations (Sn 1 ) located in the second layer. The second atomic layer also includes unsaturated, fivecoordinated Sn atoms (Sn 2 ) as well as fully three-coordinated oxygen atoms (O 2 ). All Sn and O atoms in the deeper layers of the surface slab are fully coordinated, as in the bulk, and labeled as Sn 3 and O 3 in Fig. 6(a) . Atom-projected electronic density of states (DOS) of the stoichiometric (110) is presented in Fig. 6(b) . The Fermi energy level denoted by a dashed line is set to zero. It is seen that the occupied states of surface atoms shift up significantly toward the Fermi energy level. Consistent with previous theoretical studies, 10 some clearly localized surface states were observed at the upper valence band region, which caused a reduction of about 1.0 eV in the bandgap. The surface states are quite strongly localized around the bridging oxygens (O1), with some weight on subbridging oxygens (O2). As indicated in Fig. 6(b) , the surface states are contributed mainly by the hybridization of O1-2p and Sn1-4d orbitals and partially by the hybridization of fivecoordinated Sn2-4d and in-plane oxygen O2-2p orbitals. Both theoretical and experimental evidence have indicated that the bridging oxygen atoms are the most active sites on the SnO 2 surface. 5 Compared with those fully coordinated Sn atoms (both Sn 1 and Sn 3 ), very different conduction structure was observed for the unsaturated, five-coordinated tin atom (Sn2) on the surface, as resulted from the enhanced hybridization of Sn2-5s and O2-2p states. The conduction band minimum is dominated by Sn2-5s character, as also noticed by other calculations, 43 which contributes partially to the reduction of the bandgap. This dispersed s band also contributes to the lowering of optical absorption due to interconduction band transitions, which makes SnO 2 a good transparent conductor. 5 Figure 7 plots the calculated differential valence charge density distribution in the SnO 2 (110) surface region. The charge density difference was computed by subtracting the total charge density of the fully relaxed surface slab from the superposition of isolated atomic charge densities. The charge transfers from tin cations to oxygen anions are obvious in Fig. 7(a) , and the accumulated charges around each oxygen anion align along all the three O-Sn bond directions. Due to the presence of surface termination (termination of the periodic potential), the hybridization of Sn-4d and O-2p states is enhanced between Sn1 and O1 compared to that of Sn1 with any other oxygen underneath (labeled as O in Fig. 7(a) ). Comparing Fig. 7(a) and Fig. 7(b) , one further observes more charge transfer from Sn1 to O1 than to O2. Correspondingly, the bond length of Sn1-O1 has been shortened by 3.8% after surface relaxation, while the length of Sn1-O2 and Sn1-O elongated by 2.4% and 4.8%, respectively.
IV. CONCLUSIONS
The surface stabilities of low-index SnO 2 (110), (101), (100), and (001) surfaces have been studied by density function theory (DFT) within pseudopotential plane-wave methods. Using a thermodynamic defect model, the surface stabilities were evaluated as functions of oxygen partial pressure and temperature. Both stoichiometric and nonstoichiometric surface with ideal bulk terminations have been considered. The relative ordering of stoichiometric surface stabilities after full relaxation was found to be (110) > (100) > (101) > (001). The stoichiometric to Sn-terminated surface transitions can take place only at ultrahigh vacuum and high temperatures, whereas transitions to the O-terminated were found impossible at any practical environment conditions. The stoichiometric to Snterminated transitions always move to higher pressures with increasing temperature. Based on these calculations, an equilibrium surface phase diagram was proposed to illustrate the environment dependence of SnO 2 surfaces. Moreover, the electronic structure of the most stable, stoichiometric SnO 2 (110) surface was investigated by evaluating the electron density of states and differential charge distributions. Clearly localized surface states with a reduced bandgap were observed. The surface states are mainly constituted by the hybridization of bridging oxygen atom O1-2p and six-coordinated tin atom Sn1-4d orbital with partially five-coordinated tin atom Sn2-4d orbital and in-plane oxygen atom O2-2p orbital hybridization.
